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I. INTRODUCTION 



It has been shown experimentally that shape coexistence, large deformations, the pres- 
ence of well-deformed intruder orbitals, quenching of pairing correlations, low-lying octupole 
states, and dramatic shape changes induced by rotation are quite common phenomena in 
the zirconium region (Z~N~40). The microscopic reason for such a strong variation of 
collective properties is the low single-particle level density in these medium-mass nuclei. 
Because of spectacular shape effects, relatively small size, and high collectivity, the nuclei 
from the A~80 mass region have become favorite testing grounds for various theoretical 
approaches. Calculations based on the mean-field approach applied to nuclei in the light- 
Zr region suggest an interpretation of experimental data in terms of well-deformed prolate 
shapes, weakly-deformed oblate shapes, and spherical (shell-model) configurations 

There exist a number of mean-field calculations for the light-Zr region [for references, see 
review [Q]. In most cases calculations give similar equilibrium deformations, but they differ 
in their predictions for excitation energies of shape-coexisting states. Best examples of the 
ground-state shape isomerism in nuclei in the light-Zr region are the Ge-Kr isotopes with 
A~70. Calculations suggest the interpretation in terms of two competing configurations: one 
at an oblate shape, and the other at a prolate shape. Oblate ground states are predicted for 
Ge- and Se-isotopes and for most Kr-isotopes. For light Sr-isotopes the prolate configuration 
lies lower in energy. Because of the mutual interaction [of the order of a few hundred keV 
1^] the prolate and oblate bands are strongly disturbed in the low-spin region. 

The single particle diagram representative of the discussed nuclei is shown in Fig. 1. In 
the A~80 region both protons and neutrons lie in the same (P1/25P3/25 /5/25 fl'9/2) shell. For 
Tz^O systems, the proton and neutron shell corrections add coherently and, consequently, 
dramatic shape effects are expected. A beautiful experimental signature of large prolate 
deformations in the A~80 region, attributed to the large single-particle gaps at Z,N=38 
and 40, was observation of very collective rotational bands in neutron-deficient Sr and Zr 
isotopes 

The investigation of the medium-mass N=Z nuclei has been the proprietary niche of 
groups who made investigations using the Daresbury Recoil Separator. Pioneering works 
from Daresbury include the spectroscopy of ^^Ge, ^^Se, ''^Kr, "^^Sr, ^''Zr, and ^^Mo [see ref. 
1^]. These studies confirmed earlier theoretical predictions of shape transition from strongly 
oblate shapes in ^^Se and ''^Kr to strongly prolate shapes in ^^Sr, and ^°Zr (actually, ^^Sr 
and ^°Zr are, according to calculations, very deformed, with the ground state deformation 
around (32=0.4). The nucleus ^^Mo is the heaviest Z=N system known so far. 

Spectroscopy in the light-Zr region will certainly become one of the main arenas of 
investigations around the proton drip line. The physics of exotic nuclei with < is one of 
the fastest developing subjects in nuclear physics, thanks to exotic (radioactive) ion beam 
(rib) facilities currently under construction in Europe, U.S.A., and Japan. In particular, 
the combination of RIB and the new-generation multidetector arrays should open up many 
new avenues of exploration |]TD . 



The main motivation of this paper is to make predictions for low-energy collective Ml 
and E3 excitations around ^^Sr. Since the Ml collectivity of low-lying l"*" states increases 
with deformation (though the energies of those states may increase), it is anticipated that 
in some well deformed nuclei in the A~80 mass region the strong magnetic dipole strength 
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should lie low in energy. The existence of collective octupole states in this region is a 
long-standing question. The low-lying negative-parity states, often interpreted as octupole 
vibrations, can be of a single-particle character [|11[|. To shed some light on both issues 
we performed calculations based on the quasiparticle Random Phase Approximation (rpa). 
We hope, that those predictions will stimulate experimental investigations of medium-mass 
nuclei around the N=Z line. 



II. DEFORMATIONS AND PAIRING CORRELATIONS IN THE A~80 MASS 

REGION 

Calculations of equilibrium deformations of A~80 isotopes were previously performed 



within the Woods-Saxon-Strutinsky model |12|. In this work, new calculations have been car 



ried out using the same single-particle model but the Yukawa-plus-exponential mass formula 
of ref. |T^. The particle-particle interaction was approximated by the state-independent 
monopole-pairing Hamiltonian. The pairing energy was computed using the approximate 
particle number projection in the Lipkin-Nogami version. The pairing strengths and the 



average pairing energy were taken according to ref. [T^. The calculated equilibrium de- 
formations for selected Kr, Sr, and Zr isotopes are shown in Table |. It is seen that the 
deformed— s>spherical shape transition is expected to occur around N~44. Worth noting are 
very large equilibrium (32 deformations (~0.4) of the lightest Kr, Sr, and Zr isotopes. 

In several nuclei around ^^Sr highly-deformed and superdeformed bands (/32>0.4) have 
been predicted to become yrast at high spin |]l],||,|l5|,|T6| . For example, in ^^Sr well deformed 
nearly-prolate bands involving /iii/2 neutrons are expected to become yrast at l>32h. Ex- 
perimentally, a weak ridge-valley structure with a width of Aii^^^lSO keV has been seen in 
the E^-E^ correlation map |T^. This ridge corresponds to /52~0.5 for a deformed rigid ro- 



tor. However, no discrete band that could be associated with this ridge-valley was identified 
so far. Theoretically, the superdeformed band in ^^Sr is expected ^ to have deformation 
/32~0.45, see Table |. 

The most important interaction, beyond the single-particle deformed mean field, is the 
short-ranged pairing interaction. This force is often approximated by means of a state- 
independent monopole pairing interaction. The general feature of the pairing interaction is 
that the pair correlation energy is anticorrelated with the shell correction. A smaller pairing 
gap results from a smaller density of single-particle levels around the Fermi level, which are 
available for pair correlation. For deformed A~80 nuclei the weakest pairing is expected 
around the deformed gaps at N (or Z) =38-42 [Q]. A further reduction of pairing can occur 
in excited configurations, due to blocking. 

In the A~80 mass region are several good examples of very regular, rigid rotational bands. 
Among them there are negative parity bands in ''^Kr and '''^Kr built upon the first I^=3~ 
state at 2258 keV and 2399 keV, respectively. These bands are among the best normally- 
deformed rotors, with remarkably large and nearly constant moments of inertia, j7''-^-'~i7'*-^^ 
|1^,[19|. Theoretically, those bands are associated with two-quasiparticle excitations built 
upon the proton [431 3/2]® [312 3/2] Nilsson orbitals which happen to occur just below 
the strongly deformed subshell closure at Z=38. [The proton character of those bands was 
recently confirmed by the gf-factor measurement [0.] Another good example is the [312 
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3/2] band in ^'''Rb |^ or the [422 5/2] band in ^^Y p2|] having unusually large moments 
of inertia. In all those cases the BCS calculations suggest the dramatic reduction (or 
collapse) of the static pairing. 

Weak pairing has important consequences for the low-energy electromagnetic transitions. 
Since the B{M1) values involving the ground state of even-even nuclei are proportional to 
the BCS factor (u^ft, — VnU^)"^, weaker pair correlations enhance the low-lying Ml strength. 
For electric transitions, the related BCS factor is {u^Vi, + v^UuY. On the average, pairing 
correlations enhance the collectivity of the low-lying E3 transitions from/to the ground state 
in the Sr-Zr region (see Sec. |TV|). 



III. MAGNETIC DIPOLE STATES 



The deformation dependence of l"*" states is a current subject of both experimental |]23|j24 



and theoretical p3| , pB[ studies. The low-energy B{M1) strength (defined as the summed 
strength over a given energy interval, e.g., 2-4 MeV in the rare-earth nuclei) increases with 
quadrupole deformation as, roughly, Recently, it was demonstrated in ref. that the 
sum of B{M1) values in the region of E^KlO MeV at heavy superdeformed nuclei around 
^^^Dy and ^^^Hg was several times larger than that at normal deformations. The reason for 
this enhancement is twofold. Firstly, the proton convection current contribution to B{M1) 
increases with deformation and at strongly deformed shapes becomes comparable to the 
spin-flip contribution in the low-energy region. Secondly, as discussed in Sec. the 5 (Ml) 
strength increases if the pair correlations are weak, i.e., exactly what is expected at SD 
shapes [p9| . 

Since some of the A~80 nuclei are very well deformed in their ground states, their 
equilibrium deformations exhibit rapid isotopic and isotonic variations, and their pairing 
correlations are predicted to be weak due to deformed subshell closures (Table 1). Because 
the Kr, Sr, and Zr isotopes have these characteristics, they are ideally suited for investi- 
gations of the low-energy Ml strength and its deformation dependence. (The lighter and 
heavier systems, such as Ge, Se, and Mo, are less deformed and 7-soft.) 

The properties of the K'^=l~^ states have been investigated using the RPA Hamiltonian 

HqrpA = + Vpair + Vpp + Vaa, (3.1) 

where the single-particle Hamiltonian, 

^s.p. = ^{^i - A)cjci (3.2) 



is an axially deformed Woods-Saxon Hamiltonian of ref. ||3^ [see ref. |^T| for parameters], 

Vpair = -A 5](c|ct + Cid) (3.3) 

i 

is the monopole-pairing field, Vpi? is a long-ranged residual interaction (mainly of quadru- 
pole-quadrupole type), and V^a is the spin-spin residual interaction. In eq. ( p.l|) 



Vff = E ^^tF+Ft, (3.4) 

^ T=0,1 
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where the isoscalar and isovector fields F are given by 



-Pr=o — Fn + Fp ; Ft=i — F„ — 



(3.5) 



and 



Fr 



1 r 

ih 



"'s.p.jJ + 



, T = n,p, 



while the residual spin-spin interaction is written as 

^ T=0,1 



(3.6) 



(3.7) 



where 



St=o — Sn + 5", 



p ' 



T=l 



p- 



(3.8) 



The strength of Vaa is taken |^ as xo=Xi=100/A MeV. 

The residual interaction Vff gives rise to isoscalar and isovector shape oscillations. The 
isoscalar-coupling constant, kq, is determined by the condition that the lowest RPA fre- 
quency for the isoscalar mode vanishes, since the lowest-lying mode with K'^=l'^ is spurious 
and corresponds to a uniform rotation of the system. The value of ^ in ( |3.5| ) is determined 
by the requirement ||3^ that the spurious component should be absent in the RPA solutions 
with non-zero frequencies. We have numerically checked that the summed probability of the 
spurious component, \S) oc j+\g.s.), remaining in the RPA solutions with non-zero frequency 
is less than 10~^. 

The isovector coupling constant, ni, is taken from the self-consistency condition for the 
harmonic oscillator model 
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with Ap and A 



ki=-3.5ko. In RPA calculations we take into account all two- 
quasiparticle configurations with excitation energies less than 26 MeV, and have checked 
that the configuration space is sufficiently large so as to include all Ml strengths. 

As a representative example, results of calculations for Sr isotopes are shown in Fig. 2, 
which shows the excitation energies of the low-lying K^=l^ states. The values B{M1; g.s — >■ 
l"*") (in /i^) are indicated. The upper diagram was obtained by using the standard pairing 
gaps of Table |. According to Sec. ^ pairing correlations in the excited states of Sr-Zr are 
expected to be seriously quenched. Therefore, we performed a second set of calculations 
reduced by 50% with respect to the standard values. As discussed in refs. 
reduced pairing leads to increased collectivity of the low-lying 1+ states; as seen in 
Fig. 2 the B{M1) values calculated in the "weak pairing" variant are approximately twice 
as large as the Ml rates obtained in the "standard pairing" variant. 

The best candidate for low-lying enhanced 1"*" states in the A~80 mass region is the N=Z 
nucleus ^^Sr. Its ground state is very well deformed due to the coherent superposition of 
proton and neutron shell effects associated with the deformed gap at the particle number 
38. In Fig. 3 we show the B{M1; g.s. 1^) strengths of the calculated K'^=l~^ RPA 
excitation modes in ^^Sr (at the ground-state deformation), as a function of excitation 
energy. The upper (lower) diagram corresponds to the standard (weak) pairing variant. 
The Ml strength arising from only the proton convection current (i.e., 5's=0) and the Ml 



2|,|28 
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strength from only the spin part (i.e., gi=0) are also plotted in Fig. 3. In both pairing 
variants of calculations, there appears only one low-lying l"*" state which has unusually 
strong Ml collectivity. In the "weak pairing" variant this state is predicted at 2.2 MeV and 
the corresponding B{M1; g.s. 1^) transition is 2.16 /i^. The main components of the 
wave function of the 1"*" state in ''^Sr are the Tc{gg/2)'^ and i'{gg/2)'^ excitations involving the 
two Nilsson orbitals [431 3/2] and [422 5/2]. The largest components of the low-lying 1"*" 
states in ™Sr in the energy range of 4-5 MeV are the [431 3/2]®[431 1/2] (spin-flip) and 
[301 3/2](S)[310 1/2] two-quasiparticle excitations. The main contribution to the peak in the 
Ml distribution seen in the energy range of 7-9 MeV in Fig. 3 comes almost exclusively 
from the spin- flip /7/2 — * /5/2 and gg/2 (77/2 transitions. 

The contribution to the 5 (Ml) strength coming from the unique-parity high-j excita- 
tions, such as (/iii/2)^ or ((^9/2)^, has a simple shell model interpretation (in terms of a single-j 
shell) and cannot be viewed as coming from a collective "scissors" mode [see discussion in 
ref. [§3]. The synthetic orbital scissors state is defined as 

|i?)=Ar-i(/f (3.9) 

where A/" is a normalization factor and the parameter a is determined by the requirement 
that the mode ( ^.9[ ) is orthogonal to the spurious reorientation mode | PB| , |5B| , |T7| , i.e., 

« = |^7.s.)/(^.s.|jl^)/?)|^.s.). (3.10) 

The calculations show that for the lowest l"*" state in ^^Sr the overlap between its RPA wave 
function and the state ( ^.9] ) is only about 12%. Consequently, although this state is predicted 
to carry an unprecedented Ml strength, it cannot be given a geometric interpretation of the 
"scissors" mode. The K'"=l~^ isovector giant quadrupole resonance in ''^Sr lying at i?ex~32 
MeV carries a significant Ml strength (~4 fij^) and contains a major component of the 
"scissors mode" (around 50%). 

Figures 4 and 5 show the calculated 1"*" states in Kr and Zr isotopes, respectively. As 
seen in Figs. 2, 4, and 5 when moving away from ™Sr, the low-energy Ml strength becomes 
more fragmented. Good prospects where to find large Ml strength at low energies are 
the well-deformed prolate nuclei ''^Sr (where the 1"*" state is built mainly from the 7r([431 
3/2](g)[422 5/2]) and i/([422 5/2]®[413 7/2]) two-quasiparticle excitations), s°Sr, ^^Zr (7r([422 
5/2]®[413 7/2]) and z/([422 5/2](g)[413 7/2])), ^^Zr, and ^^Kr. The most promising oblate- 
shape candidate is the N=Z nucleus ^^Kr. Similar to ^®Sr, the l"*" state in ^^Kr has a (^'9/2)^ 
character. However, in this case the main contribution comes from the high-f2 substates, 
i.e., 7r([413 7/2]cg)[404 9/2]) and t/([413 7/2](g)[404 9/2]). 

As discussed in Sec. ||, the best prospects for superdeformation in the A~80 region are 
in the nuclei around ^^Sr. The calculations performed for superdeformed configuration of 
®^Sr predict two states (around 3 MeV and 4 MeV) that carry a large Ml strength (see Fig. 
2). They can be associated with the 7r([431 3/2]®[422 5/2]), z/([422 5/2]®[413 7/2]) and 
z/([541 3/2]® [550 1/2]) two-quasiparticle excitations. 
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IV. OCTUPOLE CORRELATIONS 



In the light zirconium region octupole correlations can be associated with the 5(9/2 andp3/2 
subshells. Because of their rather large energy separation and a small number of coupling 
matrix elements, no pronounced octupole instability is expected. In addition, the small 
number of active subshells makes the octupole effect more sensitive to quadrupole distortion 
than in heavier nuclei around ^^^Ba or ^^^Th 



The systematics of the lowest 3 excitations in the Zr-region is shown in Fig. 6. It is 
seen that E3- tends to decrease when approaching the nucleus ^^Sr. On the other hand, 



the shell correction calculations [^,^,^ predict octupole softness only in the transitional 
isotopes of Zn-Se with N<36. Is the presence of low-lying negative-parity state always a good 
fingerprint of octupole collectivity? The answer to this question is negative. There are many 
nuclei that possess relatively high-lying negative parity excitations but still are considered 
as good examples of systems with strong octupole correlations. In fact, the systematics of 



experimental B{E3) values in the light-Zr region p!l|J^ indicates that no correlation can 
be found between the behavior of the lowest negative-parity states shown in Fig. 6 and the 
B{E3;g.s. 3~) strength. 

According to the energy systematics presented in Fig. 6, the lowest negative-parity 
states are observed in strongly deformed nuclei with particle number (N or Z) close to 38. 
For example, in the nucleus ''^Kr two negative-parity rotational bands built upon the (3~) 
(2258 keV) and (2^) (2227 keV) bandheads are known. However, the coexisting prolate 
and oblate minima in this nucleus are predicted [jlT| to be fairly rigid with respect to the 
reflection-asymmetric distortion. In ref. |^2|, based on energy systematics, it has been argued 



that some negative parity bands in well-deformed nuclei from the A~80 mass region can be 
interpreted as collective (aligned) octupole bands. However, it is not the excitation energy 
of the negative parity band itself that determines the collective character of the underlying 
intrinsic configuration. In 7r=- bands pairing correlations are usually reduced due to blocking 
and there is also significant Coriolis mixing. Consequently, these bands have usually larger 
moments of inertia than ground bands and, in some cases, can become yrast at high spins. 
In our opinion, the observed lowering of negative-parity states around the particle number 
38 does not necessarily indicate strong octupole correlations as suggested in ref. |^ but 
rather has a non-collective origin, see below. 

In order to clarify the issue of octupole collectivity around Z=38, N=38 we performed 
the RPA calculations with the Hamiltonian 

Hqrpa = hs.p. + Vpair - T^^xIk'^QskQsK - T^^xIk^ {nQsK) ^TsQ^k) 

^ K K 

+ \Y.xlK\nD,K)"\nD,K)" . (4.1) 

^ K 

where hs.p. is a single-particle Nilsson Hamiltonian, Vpair is given by (^.3]), and = 
{t^Y^k) [DiK = {tYik) ] are the doubly-stretched octupole (dipole) operators A large 
configuration space composed of 7 major shells (for both protons and neutrons) was used 
when solving the coupled RPA equations. The octupole isoscalar coupling strengths, Xzk^) 



were determined by the self-consistency condition for the harmonic oscillator model |35,43 
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T 
1 

+ 84 



Xl^' = fMujl {((r^)")o + ^(4 - K'){ir^P,)\ 



The strength of the isovector octupole mode was taken from ref. [44 



while for the isovector dipole mode we used the value []35| , ^ 



TlVi 2 



(4.2) 



(4.3) 



(4.4) 



with Vi=140MeV. A similar model has been used recently to discuss octupole exci- 

tations built upon superdeformed shapes. 

//X // 

It is worth noting that, because we use the doubly-stretched Q^kQzk interactions, there 
is no simple correlation between the number of two-quasiparticle configurations contributing 
to an excited state and the corresponding B[E3) value. That is, an excitation which looks 
fairly collective in terms of the RPA amplitudes (i.e., appreciable size of backward-going am- 
plitudes), it still can have a very small B{E3) value. Indeed, the ordinary octupole strengths 
|(^|Q3_k:|0)P are quite different from the doubly-stretched octupole strengths K^IQai^lO)^ in 
well-deformed nuclei. For example, in case of the prolate superdeformed harmonic oscillator 
potential {uj± = 2^73), ratios of the energy- weighted sum rule values S^k (for Q^k operators) 
and S^j^ (for operators) are given by |^ 



S3K '■ 



3K 



50 : 11, 


for K = 


0, 


13 : 4, 


for K = 


1, 


1:1, 


for K = 


2, 


1:4, 


for K = 


3, 



(4.5) 



while in the oblate superdeformed case (cus = 2u!, 



-L 



S3K '■ 



3K 



5 


:8, 


for K = 


0, 


17 : 


26, 


for K = 


1, 


1 


:1, 


for K = 


2, 


4 


:1, 


for K = 


3. 



(4.6) 



Therefore, in the well-deformed prolate (oblate) configurations, B{E3) values overestimate 
(underestimate) the collectivity (in the sense of the RPA with doubly-stretched interac- 
tion) for the K'"=0~ and 1~ states, while they underestimate (overestimate) the "doubly- 
stretched" octupole collectivity of the K'^=3~ states. 

The results of calculations for the Sr isotopes are shown in Fig. 7, which displays the 
predicted excitation energies of intrinsic K'^=0~ , 1~, 2~, and 3~ states and the corresponding 
B{E3) values (in s.p.u.). The forward RPA amplitudes for the 0~, 1~, 2~, and 3~ states 
built upon prolate configurations in 76,78,80,82 g^^ ^^^^ plotted in Figs. 8-11, respectively. In 
none of the nuclei considered, the low-lying negative-parity excitations can be considered as 
highly-collective states. 
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In the N=Z nucleus ^^Sr the lowest negative-parity excitations with K=l and 2 can be 
considered as weakly collective. The K=l octupole phonon has a large component of the 
two-quasiparticle [312 3/2]®[422 5/2] neutron configuration, see Fig. 9. The K^=2~ mode 
is less collective but it lies lower in energy. As seen in Fig. 10, the main contribution to 
its wave function comes from the [310 l/2](8>[422 5/2] proton and neutron excitations. The 
lowest K'^={)~ excitation is mainly built upon the [312 3/2]®[431 3/2] excitations. The 
K^=?)'' state is predicted to be a non-collective [310 l/2]®[422 5/2] state, see Fig. 11. Of 
course, all those intrinsic states are expected to be mixed through the Coriolis interaction 
In the "weaker pairing" variant of the calculations, the B{E3] g.s. — >■ 1~) rate is reduced 
by a factor of ~3. This is because the "particle-particle" and "hole- hole" components such 
as [301 3/2](g)[422 5/2] or [310 1/2]®[431 3/2] have much less effect. A similar quenching 
is calculated for the 0~ state, which becomes a pure particle-hole excitation if pairing is 
reduced. On the other hand, the characteristics of the 2~ state are only weakly influenced 
by pairing. 

The lowest K'"=0~ excitations in prolate configurations of '^8'80.82gj^ carry a rather weak 
collectivity. Like in "^^Sr, in the "weak pairing" variant those states become almost pure 
particle-hole excitations. A similar situation is predicted for the K'^=l~ and 3~ states. The 
K'^=2~ modes are found to be slightly more collective compared to other modes with ^^^=0, 
1, and 3. They are expected to appear at about Eex=2.7 MeV and they carry E3 strength 
around 6 s.p.u. On the other hand, if pairing is reduced those states become less collective. 

The most collective octupole excitations in the oblate configuration of ^^Sr are the K'^=l~ 
and 2~ states [i?ea;~2.7 MeV, -B(-E'3)~7 s.p.u.]. The calculations also predict a low-lying 
weakly-collective K'^=l~ excitation in the superdeformed configuration of ^^Sr (£'e^~2.3 
MeV, 5(E3)~10 s.p.u.). 

Figures 12 and 13 display calculated low-lying negative parity states built upon the oblate 
and prolate configurations in the Kr isotopes, respectively. On the average, negative parity 
states in Kr's are slightly more collective than those in Sr's. The K'^=0~ prolate excitations 
are almost pure two-quasiparticle states. The K'^=l~ states and the K'^=2~ oblate states 
resemble octupole vibrations; they have E^x^^.b MeV, B{E3)^7 s.p.u. The most collective 
octupole state in the Kr isotopes is the K'^=3~ excitation (£'e^.~3.2 MeV, B{E3)^10 s.p.u.) 
in ^^Kr built upon the oblate minimum. However, when pairing is reduced this state becomes 
almost a pure particle-hole excitation. 

Finally, the results for the Zr isotopes are shown in Fig. 14. The lowest negative-parity 
excitations in ^''Zr and '^^Zr (prolate configuration) have a two-quasiparticle character. The 
K'"=0~, 1~, and 2^ modes in the oblate minimum of '^^Zr are weakly collective, with 
S(£'3)~5-9 s.p.u. Interestingly, the B{E3) rates for these states do not depend strongly on 
pairing. This is because their dominant two-quasiparticle components are the particle-like 
(fl'9/2)i/2,3/2,5/2 orbitals and the hole-like negative-parity P3/2©/5/2 levels with Q=l/2 and 
3/2. 



V. CONCLUSIONS 

In the light zirconium region there are many excellent candidates for the low-lying 1"*" 
states with unusually large i?(Ml;0+ 1+) rates, around 1-2 The best prospects 
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are the Z=N nuclei, such as ^^Sr (prolate), ^°Zr (prolate), and ^^Kr (oblate), where protons 
and neutrons contribute equally strongly to the Ml collectivity. Interestingly, the unusually 
strong low-energy Ml strength in those nuclei has a simple interpretation in terms of (^'9/2)^ 
excitations, i.e., it does not result from a simplistic scissors mode. Also, it does not resemble 
the strong Ml transitions known in the light Z=N nuclei mainly of the spin-flip origin. 

In ^^Sr and neighboring nuclei, the 1+ excitations are predicted to appear just above the 
7r=- intrinsic states. Generally, the K'"=0~, 1~, 2~, and 3~ bandheads are calculated to 
be very weakly collective in well-deformed proton-rich Kr, Sr, and Zr nuclei (except maybe 
''^Kr). Namely, the low-lying negative-parity states have a dominant two-quasiparticle char- 
acter when they are built on an intrinsic state with a large quadrupole deformation. There 
is no clear correlation between the excitation energy of the 3~ state and the magnitude of 
the B{E3)'\ value in the nuclei from the proton-rich Sr-Zr region. 

The results of our calculations are quite sensitive to the strength of pairing interaction. 
In general, the weaker the pairing correlations, the more (less) collective are the Ml {E3) 
excitations. There exists some indirect experimental evidence supported by calculations, 
see Sec. 0, that pairing is seriously reduced in some excited states of well-deformed nuclei 
from the A~80 mass region. We hope that future measurements of excited states in the well 
deformed nuclei around ''^Sr, especially their lifetimes, will shed new light on the collectivity 
of Ml and E3 states and, indirectly, on the magnitude of pairing correlations in this mass 
region. 



ACKNOWLEDGMENTS 

The Joint Institute for Heavy Ion Research has as member institutions the University of 
Tennessee, Vanderbilt University, and the Oak Ridge National Laboratory; it is supported 
by the members and by the Department of Energy through Contract Number DE-FG05- 
87ER40361 with the University of Tennessee. Theoretical nuclear physics research at the 
University of Tennessee is supported by the U.S. Department of Energy through Contract 
Number DE-FG05-93ER40770. This work was also partly supported by the Yamada Sci- 
ence Foundation, Osaka, Japan, and the Swedish Natural Science Research Council. The 
calculations were supported in part by RCNP, Osaka University, as RCNP Computational 
Nuclear Physics Project (Project No. 93-B-02). 



10 



REFERENCES 



[1] W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson and I. Ragnarsson, Nucl. Phys. 
A435 (1985) 397. 

[2] W. Nazarewicz and T. Werner, in Nuclear Structure of the Zirconium Region, ed. by J. 

Eberth, R.A. Meyer and K. Sistcmich, (Springer- Verlag, 1988), p. 277. 
[3] R. Bengtsson, in Nuclear structure of the zirconium region, ed. by J. Eberth, R.A. Meyer 

and K. Sistemich, (Springer- Verlag, 1988) p. 371. 
[4] J.L. Wood, K. Heyde, W. Nazarewicz, M. Huyse, and P. van Duppen, Phys. Rep. 215 

(1992) 101. 

[5] J.H. Hamilton, in Lecture Notes in Physics 168, Heavy ion collision (Springer Verlag, 
1982) 631. 

[6] C.J. Lister, B.J. Varley, H.G. Price, and J.W. Olness, Phys. Rev. Lett. 49 (1982) 308. 
[7] R.F. Davie, D. Sinclair, S.S.L. Ooi, A.E. Smith, H.G. Price, C.J. Lister, B.J. Varley and 

I.F. Wright, Nucl. Phys. A463 (1987) 683. 
[8] H.G. Price, C.J. Lister, B.J. Varley, W. Gelletly, and J.W. Olness, Phys. Rev. Lett. 51 

(1983) 1842. 

[9] C.J. Lister, P.J. Ennis, A.A. Chishti, B.J. Varley, W. Gelletly, H.G. Price, and A.N. 
James, Phys. Rev. C42 (1990) R1191. 

[10] Physics and Techniques of Secondary Nuclear Beams, ed. by J.F. Bruandet, B. Fernan- 
dez, and M. Bex (Editions Fronticrcs, Gif-sur-Yvette, 1992). 

[11] P.J. Ennis, C.J. Lister, W. Gelletly, H.G. Price, B.J. Varley, P.A. Butler, T. Hoare, S. 
Cwiok and W. Nazarewicz, Nucl. Phys. A535 (1992) 392. 

[12] S. Cwiok, J. Dudek, W. Nazarewicz, J. Skalski and T. Werner, Comput. Phys. Commun. 
46 (1987) 379. 

[13] P. MoUer, and J.R. Nix, At. Data Nucl. Data Tables 39 (1988) 213. 
[14] P. Moller and J.R. Nix, Nucl. Phys. A536 (1992) 20. 

[15] I. Ragnarsson and T. Bengtsson, in Nuclear Structure of the Zirconium Region, eds. J. 

Eberth, R.A. Meyer and K. Sistemich (Springer- Verlag, 1988), p. 193. 
[16] J. Dudek, W. Nazarewicz and N. Rowley, Phys. Rev. C35 (1987) 1489. 
[17] C. Baktash, G. Garcia-Bermudez, D.G. Sarantities, W. Nazarewicz, V. Abenantc, J.R. 

Beene, H.G. Griffin, M.L. Halbert, D.G. Hensley, N.R. Johnson, I.Y. Lee, F.K. Mc- 

Gowan, M.A. Riley, D.W. Stracener, T.M. Semkow and A. Virtanen, Phys. Lett. 255B 

(1991) 174. 

[18] M.S. Kaplan, J.X. Saladin, L. Faro, D.F. Winchell, H. Takai and C.N. Knott, Phys. 

Lett. B215 (1988) 251. 
[19] C.J. Gross, J. Heese, K.P.Licb, S. Ulbig, W. Nazarewicz, C.J. Lister, B.J. Varley, J. 

Billowes, A.A. Chishti, J.H. McNeiU, and W. Gelletly, Nucl. Phys. A501 (1989) 367. 
[20] J. Billowes, F. Cristancho, H. Grawe, C.J. Gross, J. Heese, A.W. Mountford, and M. 

Weiszfiog, Phys. Rev. C47 (1993) R917. 
[21] L.Liihmann, K.P.Lieb, C.J. Lister, B.J. Varley, H.G. Price and J.W. Olness, Europhys. 

Lett. 1 (1986) 623. 

[22] C.J. Lister, R. Moscrop, B.J. Varley, H.G. Price, E.K. Warburton, J.W. Olness, and 
J.A. Becker, J. Phys. Gil (1985) 969. 



11 



W. Ziegler, C. Rangacharyulu, A. Richter, and C. Spieler, Phys. Rev. Lett. 65 (1990) 
2515. 

J. Margraf, R.D. Heil, U. Kneissl, U. Maier, H.H. Pitz, H. Friedrichs, S. Lindenstruth, 

B. Schlitt, C. Wesselborg, P. von Brentano, R.-D. Herzberg, and A. Zilges, Phys. Rev. 
C47 (1993) 1474. 

D.R. Bes and R.A. Broglia, Phys. Lett. 137B (1984) 141. 
I. Hamamoto and C. Magmisson, Phys. Lett. 260B (1991) 6. 
K. Heyde and C. de Coster, Phys. Rev. 44 (1991) R2262. 
I. Hamamoto and W. Nazarewicz, Phys. Lett. 297B (1993) 25. 

W. Nazarewicz, in: Recent Advances in Nuclear Structure, eds. D. Bucurescu, G. Cata- 
Danil, and N.V. Zamfir, (World Scientific Publ., 1991), p. 175. 

G. Ehrling and S. Wahlborn, Phys. Scripta 6 (1972) 94. 

J. Dudek, Z. Szymahski and T. Werner, Phys. Rev. C23 (1981) 920. 

I. Hamamoto and S. Aberg, Phys. Lett. B145 (1984) 163; Phys. Scripta 34 (1986) 697. 

L Hamamoto, Nucl. Phys. A177 (1971) 484. 

N.I. Pyatov and M.I Cerney, Yad. Fiz. 16 (1972) 931. 

A. Bohr and B.R. Mottelson, Nuclear Structure, vol. 2 (W.A. Benjamin, New York, 
1975). 

A. Faessler and R. Nojarov, Phys. Rev. C41 (1990) 1243. 
D. Zawischa and J. Speth, Z. Phys. A339 (1991) 97. 
W. Nazarewicz, Nucl. Phys. A520 (1990) 333c. 

W. Nazarewicz, P. Glanders, I. Ragnarsson, J. Dudek, G.A. Leander, P. MoUer and E. 

Ruchowska, Nucl. Phys. A429 (1984) 269. 

J. Skalski, Phys. Rev. C43 (1991) 140. 

R.H. Spear, At. Data nad Nucl. Data Tables 42 (1989) 55. 

P.D. Cottle and G.N. Bignall, Phys. Rev. C39 (1989) 1158. 

H. Sakamoto and T. Kishimoto, Nucl. Phys. A501 (1989) 205. 

C. J. Veje, Mat.-fys. Medd. Kong. Dan. Vid. Selsk. 35 (1966). 

S. Mizutori, Y.R. Shimizu, and K. Matsuyanagi, Prog. Theor. Phys. 83 (1990) 666. 
S. Mizutori, Y.R. Shimizu, and K. Matsuyanagi, Prog. Theor. Phys. 85 (1991) 559; 
Prog. Theor. Phys. 86 (1991) 131. 

T. Nakatsukasa, S. Mizutori, and K. Matsuyanagi, Prog. Theor. Phys. 87 (1992) 607. 
K. Neergard and P. Vogel, Nucl. Phys. A149 (1970) 209; ibid., p. 217. 

D. Kurath, Phys. Rev. 130 (1963) 1525. 



12 



Figure captions 



Figure 1: Neutron single-particle levels in ^^Kr as functions of the quadrupole deformation 
P2 (/34=0). The Nilsson states are labelled by means of the asymptotic quantum numbers, 
[Nn,A n]. 

Figure 2: Predicted excitation energies of low- lying 1"^ states of prolate configurations 
in 76,78,80,82gj,^ oblate minimum in ^^Sr [82(o)], and the superdeformed configuration in 
^^Sr [82(SD)]. The numbers indicate the B{M1; g.s. 1^) values (in /i^) for transitions 
greater than 0.5 /i^. Only states with B{Ml;g.s. l'^)>0.1 /i^ are shown (solid lines: 
i?(Ml)>0.3 /i^, dashed lines: B{M1)<0.3 The upper portion shows the results ob- 

tained with standard pairing, A^j^, see Table |. The results obtained with pairing reduced 
by 50% are displayed in the lower portion. 

Figure 3: i?(Ml; g.s., K'^=0^ K'^ = 1+) values for ''^Sr calculated in rpa as a function 
of the excitation energies of 1^ states. The summed values per 1 MeV energy bin are plotted 
as a histogram (solid lines). For reference, the B{M1) values associated with spin part only 
{gi=0, dotted line) or orbital part only {gs=0, dashed line) are also shown. The (^-factors 
used are gi=g{^^^ and (7^= (0.85)5'/^'^*^. The upper (lower) diagram represents the "standard 
pairing" ( "weak pairing" ) variant of the calculations. 

Figure 4: Similar to Fig. 2 (standard pairing) but for the Kr isotopes. 

Figure 5: Similar to Fig. 2 (standard pairing) but for the Zr isotopes. 

Figure 6: The lowest 3~ energy level (in keV), observed experimentally for doubly even 
nuclei from the light zirconium region. The dashed lines represent the lowest contours, at 
2.2 and 2.3 MeV. 

Figure 7: Predicted excitation energies of low-lying intrinsic K'^=Q~ , 1~, 2~, and 3~ 
states in ■i'6,78,80,82gj,_ rjj^g numbers indicate the B{E3]g.s. —>■ K~) values in s.p.u. [1 
s.p.u. =0.416 10~^A^e^6^, cf. ref. [0]. They are shown for the states with i?(ii^3)>l s.p.u. 



Other states represent non-collective 7r=- excitations. The solid lines correspond to states 
with 5(£'3)>3 s.p.u. while the dashed lines correspond to states with i?(ii^3)<3s.p.u. The 
results were obtained with standard pairing, Astd, see Table |. 

Figure 8: Absolute values of forward RPA amplitudes of the lowest K^=0~ states built 
upon prolate minima in the Sr isotopes versus the quasiparticle configuration (numbered 
according to their excitation energies) for neutrons (solid lines) and protons (dashed lines). 
All amplitudes whose absolute values greater than 5 x 10~^ are indicated. (Note that due to 
the time-reversal symmetry each amplitude contributes to the intrinsic wave function twice.) 
The results were obtained with standard pairing, Agu, see Table |. 

Figure 9: Similar to Fig. 8 but for the lowest K'^=l~ states in the Sr isotopes. 

Figure 10: Similar to Fig. 9 but for the lowest K'^=2^ states in the Sr isotopes. 
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Figure 11: Similar to Fig. 9 but for the lowest states in the Sr isotopes. 

Figure 12: Similar to Fig. 7 but for the lowest 7r=- states in oblate configurations in the 

72,74,76 j^j. isotopes. 

Figure 13: Similar to Fig. 7 but for the lowest tc=- states in prolate configurations in the 

72,74,76j<^j, isotopes. 

Figure 14: Similar to Fig. 7 but for the lowest n—- states in the ^^'^"^Zi isotopes. 
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TABLES 



TABLE I. Calculated equilibrium shape deformations (32 and /?4, and proton and neutron 
pairing gaps, Ap and A„ (in MeV), at selected oblate and prolate configurations of Kr, Sr and Zr 
isotopes. According to calculations, the oblate /=0 minima lie lower in energy than the prolate 7=0 
minima in '^2,74,78j^j.^ ^^Sr, and ^^Zr. For ^^Sr the calculations were also performed at superdeformed 
configuration with /32=0.45. 
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